ABSTRACT Protection of direct current (DC) transmission lines is one of the key difficulties to be urgently solved in the construction of the future voltage-sourced converter (VSC)-based DC grids. In this paper, a novel ultra-high-speed traveling-wave (TW) protection principle for DC transmission lines is proposed which is based on characteristics of modulus voltage TWs. First, the absolute value of the change in amplitude of the 1-mode voltage TW is used to construct the protection starting-up element. Then, the dyadic wavelet transform is utilized to extract the wavelet-transform modulus maxima (WTMM) of 1-mode and 0-mode initial reverse voltage TWs separately, which are used for fault section identification and selection of fault line successively. A four-terminal annular VSC-based DC grid electromagnetic transient model is established in PSCAD/EMTDC, and performance of the proposed novel ultra-high-speed TW protection principle is evaluated. Extensive simulation results under different fault conditions show that the proposed ultra-high-speed TW protection principle is excellent in rapidity, reliability and robustness. Therefore, the proposed novel ultra-high-speed TW protection principle in this paper can be adopted as an outstanding main protection for VSC-based DC grids.
I. INTRODUCTION
The voltage-sourced converter (VSC)-based direct current (DC) grid is a feasible solution to realize wide-area complementarity and flexible consumption of large-scale renewable clean energy, and as a result has bright future and important application value [1] , [2] . However, VSC-based DC girds are ''low damping'' systems when compared with traditional alternating current (AC) systems, and as a result the phenomenon that a local fault cause the whole DC gird breakdown is more likely to occur [3] . Moreover, a higher probability of temporary faults will inevitably appear because of the application of overhead transmission lines (OHLs) in complex environments [4] , [5] . Consequently, ultra-highspeed protection for DC transmission lines is one of the key difficulties to be urgently solved in the construction of the future VSC-based DC grids.
The associate editor coordinating the review of this article and approving it for publication was Tariq Masood.
The ''low damping'' characteristic puts forward severe requirements for the action speed of line protection in VSCbased DC grids [6] . Therefore, the main protection should be based on non-unit protection principles so as to realize a faster action speed [7] - [11] . On basis of the propagation characteristics of aerial-mode voltage traveling waves in the MMC-MTDC grid, a novel non-unit faulty line identification principle based on the aerial-mode voltage on the currentlimiting inductor at the line terminal is proposed in [12] . With the current-limiting inductor as the protection boundary, the non-unit line protection based on the wavelet transform modulus maximum value is constructed by analyzing the difference of the amplitude-frequency characteristics of aerialmode voltage transfer functions between internal and external faults, and the fault-pole identification is designed. Based on the supplemental inductor placed at each end of the dc line, a new non-unit protection scheme for dc line in multi-terminal VSC-HVDC system is proposed in [13] . The supplemental inductor acts as a boundary of DC line and provides a high VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ impedance path for the high-frequency component, with the obvious difference in the ratio of the transient voltages at both sides of the inductor during DC line fault and external fault, fault identification is realized. Based on analysis of features of fault-induced travelling waves (TWs) after DC line fault, two ultra-high-speed TW protection principles for transmission lines of VSC-HVDC systems are proposed in [14] , [15] . Both non-unit protection principles are achieved by characteristics of 0-mode and 1-mode TWs. However, the above mentioned non-unit protection principles will show poor reliability when suffered from interferences. A novel ultra-high-speed TW protection principle for VSC-based DC girds is proposed in this paper. Firstly, modulus directional voltage TWs are introduced. Then, based on their characteristics, the corresponding detail criteria consisting of protection starting-up, fault-section identification and fault-pole selection are designed successively.
The structure of this paper is organized as follows. The basic configuration and parameters of Zhangbei ±500 kV VSC-based DC grid is described in Section 2, which is the technical background of this paper. In Section 3, directional voltage TWs, phase-mode transformation and wavelet analysis theory are separately introduced. In Section 4, the detailed ultra-high-speed TW protection principle is presented. In Section 5, extensive simulations under different fault conditions are carried out to assess the performance of the proposed ultra-high-speed TW protection principle. Finally, some conclusions are drawn in Section 6.
II. ZHANGBEI ±500 KV VSC-BASED DC GRID
Zhangbei is located in Hebei province of China, which is one of the abundant areas of renewable clean energy resources including wind energy, solar energy, and hydroelectric power. It is estimated that the total installed capacity of renewable clean energy resources in this area will increase to 20 GW by 2020 [16] - [19] .
To solve the integration and transmission of large-scale renewable clean energy resources in this area, a four-terminal annular bipolar VSC-based DC gird demonstration project of which the rated voltage is ±500 kV will be constructed around the end of 2019. As shown in Fig. 1 , Kangbao (KB) and Zhangbei (ZB) converter stations are used to integrate local wind energy into the DC gird and send the renewable energy to Beijing (BJ) converter station. Besides, a pumped FIGURE 1. Zhangbei ± 500 kV VSC-based DC grid. Table I and  Table II respectively. 
III. BASIC PRINCIPLES A. DIRECTIONAL VOLTAGE TRAVELING WAVES
As shown in Fig. 2 , in the equivalent circuit of a lossy uniform transmission line unit with length x, r 0 , g 0 , l 0 and c 0 are the distributed resistance ( /m), conductance (S/m), inductance (H/m), and capacitance (F/m) in per unit length respectively. According to Kirchhoff's laws, the following wave equations can be satisfied for this transmission line unit [20] .
Solving (1), the general solution can be given as:
Based on (2), directional voltage TWs can be shown as:
where u f (x, t) is the forward voltage TW (FVTW), u r (x, t) is the reverse voltage TW (RVTW). Z c is the line characteristic impedance and γ is the corresponding TW propagation coefficient respectively, which can be shown as in frequencydomain form:
For a bipolar VSC-based DC grid, (1) can be rewritten as the following wave equations with mutual coupling [21] :
where A phase-mode transformation matrix can be shown as:
The following decoupling transformation can be applied to (5) with this matrix:
where 
C. WAVELET ANALYSIS THEORY
The wavelet transformation is a powerful tool to detect the local singularity in transient signals, and as a result it has been widely utilized to extract and analyze characteristics of nonstationary high-frequency fault TW signals [22] . When the dyadic wavelet transform (DWT) is applied to a given discrete signal f 0 (n), the corresponding low-frequency approximation coefficients A 2 j f 0 (n) and high-frequency detail coefficients W 2 j f 0 (n) in scale 2 j can be calculated as:
where h k and g k are the low-pass and high-pass filter coefficients, respectively. Based on (8), for a given discrete signal whose frequencies range from 0 to f n , wavelet transformation multi-resolution analysis shown in Fig. 3 can be realized.
The local maximum of high-frequency detail coefficients can be defined as the wavelet transform modulus maxima (WTMM), which has been widely used to describe the local singularity of a transient signal [23] . Therefore, WTMM is utilized to analyze the wave-fronts' characteristics of directional voltage TWs in this paper.
IV. PROTECTION SCHEME A. PROTECTION STARTING-UP ELEMENT
The absolute value of the change in amplitude of 1-mode voltage TW can be defined as:
where u 1 (k) is the sampling 1-mode voltage TW value at present time, and u 1 (k − 1) denotes the 1-mode voltage TW value of the previous time.
When the VSC-based DC grid is in normal operation, u 1 (k) nearly equals to 0. However, once there is a failure on the DC transmission line, a sharp change will occur in the 1-mode voltage TW u 1 , and as a result the corresponding u 1 (k) will increases drastically. Therefore, the protection starting-up element can be designed as: where TH 1 is the threshold value for the protection startingup element, which can be set as 0.01 p.u. of the DC rated voltage.
To guarantee the reliability, if three consecutive values u 1 (k), u 1 (k + 1) and u 1 (k + 2) exceed the threshold value TH 1 , a protection starting-up signal will be given out.
B. FAULT-SECTION IDENTIFICATION
As shown in Fig. 4 , fault f belongs to an external fault for OHL n , while it is an internal fault for OHL m .
When a failure occurs on OHL m , the corresponding Peterson equivalent circuit is shown in Fig. 5 , where C eq , L eq and R eq are the equivalent capacitance, inductance and resistance of the MMC before blocking respectively.
Based on the Peterson equivalent circuit shown in Fig. 5 , the complex frequency-domain forms of u m , u n , i m and i n can be expressed as:
On basis of (3), (11) and (12), as shown at the bottom of this page, the RVTWs for both sections can be deduced as:
where U mr (s) is the RVTW for the internal section, and U nr (s) is the RVTW for the external section.
Based on (13), the initial RVTWs in both sections are independent of Z c , L dc , C eq , L eq and R eq . Moreover, the time-domain form of U mr (s) is a step signal with negative polarity, while that of U nr (s) is 0. Therefore, the WTMM of the 1-mode initial RVTW can be extracted and used for faultsection identification, and the corresponding criterion can be designed as:
where u 1r is the initial 1-mode RVTW, and TH 2 is the threshold value for fault section identification, respectively.
C. FAULT-POLE SELECTION
For a bipolar VSC-based DC grid, when a failure occurs on the positive-pole transmission lines, the corresponding faultsuperimposed network can be revealed by Fig. 6 . As shown in Fig. 6 , on basis of the fault-superimposed network, the following boundary conditions is satisfied:
where R f is the fault transition resistance, and u pf is the additional DC voltage source, respectively.
Based on modulus resistances from phase-mode transformation, initial voltage TWs for both poles can be deduced as:
where Z 0 and Z 1 are the 0-mode and 1-mode wave impedance respectively.
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2(L eq C eq s 2 + R eq C eq s+1) s(L dc s+Z c ) (2L eq + L dc )C eq s 2 +(2R eq + Z c )C eq s+2 (12) Processed by the phase-mode transformation matrix shown in (6), the corresponding initial modulus voltage TWs can be solved as:
In the same method, when a failure occurs on the negativepole transmission lines, the corresponding initial modulus voltage TWs can be expressed as:
Similarly, when there is a pole-to-pole short-circuit fault on the transmission lines, the corresponding initial modulus voltage TWs can be calculated as:
According to (17) - (19), the 0-mode initial voltage TWs under three typical fault conditions mentioned above are different from each other. Therefore, the WTMM of the 0-mode initial RVTWs can be extracted and used for fault-pole selection, and the corresponding criterion can be designed as (20) , as shown at the bottom of this page, where u 0r is the initial 0-mode RVTW, and TH 3 is the threshold value for fault-pole selection, respectively.
D. FLOW CHART OF PROTECTION SCHEME
Based on the study mentioned above, flow chart of the proposed novel ultra-high-speed TW protection principle for VSC-based DC grids can be designed successfully. As shown in Fig. 7 , both the voltage and current data of both poles are sampled with a higher sampling frequency and stored at the same time. If the criterion for starting-up element shown in (10) is satisfied, then sampling of both the voltage and current data will be continued for a short time. With 64 data before starting-up and 192 data after starting-up, a data window consisting of 256 data is constructed. Thereafter, the phase-mode transformation is employed and the modulus RVTWs are calculated. Next, WTMMs corresponding to the initial 1-mode and 0-mode RVTWs are extracted respectively. If an internal fault has been preliminary determined on basis of (14) , then the interference identification is should be executed to prevent malfunction. For a true internal fault, fault-pole selection will be implemented for DBs breaking. 
V. SIMULATIONS
To evaluate the performance of the proposed novel ultra-highspeed traveling-wave protection scheme, an electromagnetic transient simulation model on basis of the actual parameters of Zhangbei ±500 kV VSC-based DC grid shown in Fig. 1 was built, where the sampling frequency for signals is 500 kHz, and moreover the frequency-dependent transmission line is adopted.
In this paper, extensive simulations around the transmission line OHL 24 are carried out. For the convenience of elaboration, failures on OHL 24 are defined as internal faults, however failures in other locations are external faults. Based on the modulus TW propagation characteristics [3] , WTMMs corresponding to the initial 1-mode and 0-mode RVTWs in scale 2 4 are utilized comprehensively for fault identification.
A. PERFORMANCE OF THE STARTING-UP ELEMENT
A positive pole-to-ground short-circuit fault whose transition resistance is 400 occurs at 205.5 km away from ZB converter station. Waveforms in time-domain of 1-mode voltage TW and of which the corresponding absolute value of the change in amplitude detected by R 24 are shown in absolute value of the change in amplitude is nearly 0. However, when there is a failure, the amplitude of 1-mode voltage TW will change drastically, and a larger increment will appear in the corresponding absolute value of the change in amplitude.
Performance of the starting-up element under different fault condition is shown in Table III . When there is no failure on the line, the absolute value of the change in amplitude of 1-mode voltage TW is nearly 0. However, a larger increment will arise in the corresponding absolute value of the change in amplitude when there is a failure. Therefore, the reliability of the starting-up element is excellent.
B. PERFORMANCE OF THE FAULT-SECTION IDENTIFICATION
In the simulation model, a typical external metallic positive pole-to-ground short-circuit fault locating on the line between DC breaker DB 24 and DC reactor L 24 and another typical internal positive pole-to-ground short-circuit fault of which the location is 205.5 km away from ZB converter station and the transition resistance is 400 are set respectively.
Based on the results shown in Fig. 9 , all of the absolute values of the WTMMs corresponding to 1-mode RVTWs for the external fault are less than 0.5, while the absolute value of the WTMM corresponding to 1-mode RVTW for the internal fault is up to 128.9, which prove the performance of the fault section identification criterion is excellent.
C. PERFORMANCE OF THE FAULT-POLE SELECTION 1) DIFFERENT FAULT TYPES
In the simulation model, three typical faults under different fault conditions are set respectively to evaluate the performance of the fault-pole selection. When the fault location is 100 km away from ZB converter station and the transition resistance is 400 , the WTMMs corresponding to 0-mode initial RVTWs for the three typical faults are different from each other. As shown in Fig. 10 , polarity of the first WTMM corresponding to the positive pole-to-ground short-circuit fault is negative, while that corresponding to the negative pole-to-ground short-circuit fault is positive, and that corresponding to the pole-to-pole short-circuit fault is nearly 0.
2) DIFFERENT TRANSITION RESISTANCES
When the fault location is 100 km away from ZB converter station, the WTMMs corresponding to 0-mode initial RVTWs for the three typical faults under different transition resistances are given in Table IV . The first WTMMs for the positive pole-to-ground short-circuit faults are always negative values, while those for the negative pole-to-ground shortcircuit faults are always positive values, and those for the pole-to-pole short-circuit faults are always 0 considering the measurement error.
3) DIFFERENT FAULT DISTANCES
When the transition resistance is 400 , the WTMMs corresponding to 0-mode initial RVTWs for the three typical faults under different fault distances are shown in Table V . As expected, the first WTMMs are always negative values for positive pole-to-ground short-circuit faults, while those are always positive values for negative pole-to-ground shortcircuit faults, and those are always 0 for pole-to-pole shortcircuit faults considering the measurement error. 
D. PERFORMANCE UNDER NOISE INTERFERENCE 1) EXTERNAL METALLIC FAULTS CLOSING TO THE FAULT POSITION
An external metallic positive pole-to-ground short-circuit fault occurs on the transmission line between DC breaker DB 24 and DC reactor L 24 . In the 1-mode RVTWs acquired by R 24 , 20dB Gauss white noise is added. As shown in Fig. 11 , absolute values of the WTMMs corresponding to 1-mode initial RVTWs are very small, and therefore there will no protection action order to be sent out.
2) INTERNAL FAULTS LOCATING AT THE END OF THE TRANSMISSION LINE WITH A HIGH TRANSITION RESISTANCE
An internal positive pole-to-ground short-circuit fault at the end of the transmission line with a transition resistance of 400 occurs at 205.5 km away from ZB converter station. In the 1-mode and 0-mode RVTWs acquired by R 24 , 20dB Gauss white noise is added respectively. As shown in Fig. 12 , absolute value of the WTMM corresponding to 1-mode initial RVTW is relatively larger, and meanwhile the first WTMM corresponding to 0-mode initial RVTW is a negative value. Therefore, it is can be determined that there is an internal positive pole-to-ground short-circuit fault on the transmission line, and as a result the corresponding protection action order will be sent out.
Based on the above extensive simulation results, it can be concluded that performance of the proposed novel ultrahigh-speed traveling-wave protection scheme in this paper is excellent in rapidity, reliability and robustness.
VI. CONCLUSION
In this paper, a novel ultra-high-speed traveling-wave protection principle for VSC-based DC grids is proposed, which is based on characteristics of modulus voltage TWs. First, the absolute value of the change in amplitude of the 1-mode voltage TW is used to construct the protection starting-up element. Then, the dyadic wavelet transform is utilized to extract the wavelet-transform modulus maxima (WTMM) of 1-mode and 0-mode initial RVTWs separately, which are used for fault-section identification and fault-pole selection successively. Extensive simulation results under different fault conditions show that the proposed ultra-high-speed TW protection principle is excellent in rapidity, reliability and robustness. Therefore, the proposed novel ultra-high-speed TW protection principle in this paper can be adopted as an outstanding main protection for DC transmission lines in VSC-based DC grids.
The ultra-high-speed identification scheme for lightning interference based on traveling-wave protection principle will be conducted in the future research. 
